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‘Abstract

Backward protons from neutrino and antineutrino interac-
tions in the Ne;az mixture are studied. The inclusive
characteristics of the reactions are presented for both
neutral and charged current events and comparison with models
are made. The data are in agreement with the hypothesis of

nuclear scaling.
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1. Introduction

A large number of experiments of the type
hiy) + A+ (n*,p,D, *++) + X

have been performed to study the collective behavior of the
nucleons in the nuclear target (A)L In these experiments
the final state particle (n*,p,D, +++) travels backward rela-
tive to the beam direction in the laboratory system. Since
the observed backward protons cannot originate from interac-
"tions on free stationary nucleons they indicate the presence

of nuclear effects in the scattering process.

The inclusive spectrum of backward protons can be para-

meterized with an exponential

E do .cexp (-sz) (1)

wvhere E and p are the energy and momentum of the proton in the
laboratory system. The slope (B) does not depend on the
energy of the primary particle and is insensitive to the mass
of the target nucleus. The absolute scale (C) depends only
weakly on the incident energy. These experimental findings
have led to the hypothesis of nuclear scaling.! It has been
suggested that reactions of this type provide direct informa-
tion on the high momentum part of the nuclear wave

function. 23



2. Models

In a model based on short range correlations amongst the
nucleons (SRO) the backward protons are viewed as manifesta-
tions of two, three, or four nucleon clusters which have high
relative momenta inside the target nucleil In the kinema-
tical domain available for our analysis two-nucleon ‘clusters’
should dominate. In this model the incident neutrino inter-
acts with a nucleon which has its momentum vector oriented in
the forward direction. The neighboring spectator nucleon is
then thought to travel in the opposite (backward) difection.
The SRO model predicts smaller average Bjorken x3 for these
events due to smaller. available center-of-mass energy of the

interaction (similar to a Doppler effect),i.e.
x=x"'(2-a’) (2)

where x' is the corresponding x-value for an interaction on a

stationary free nucleon, and o = (Ep - py)/m with Ep, m and B

the proton energy, mass, and longitudinal momentum respect to

t

the "current® direction.

A second model assumes an initial "prepared"” state of the
nucleus with a fast backward nucleon whose momentum is
balanced by the rest of the nucleons.¥* Deep inelastic

scattering then occurs off the fast backward oriented nucleon



with a momentum transfer that is so small that the struck
nucleon does not change its orientation but emerges into the
backward hemisphere in the laboratory system. This picture
leads to a substantially smaller average x, Q2 and charged
multiplicity for these events as compared to the overall data

sample.

A similar model of the target nucleus is adopted in Ref.
6 but in this case the interaction ié thought to proceed off
the bulk of the nucleus which balances the momentum of a fast
single nucleon. This picture does not assign any specific

features to the events with backward protons.

Finally, in the multiple rescattering model backward
protons are thought to result from several successive
rescattering processes of a nucleon in this nucleus.® No

significant effects in the x or Q2 are foreseen.

3. Experimental Details

In this paper we present the results of a detailed study
of nuclear effects in neutrino- and antineutrino-neon inter-
actions. The data comes from a 155,000 picture exposure of
the Fermilab 15-ft. bubble chamber filled with a heavy Ne-H,
mixture (64 atomic % Ne). The chamber was exposed to a wide-
band antineutrino beam from 400 GeV/c incident protons. A

comparison with neutrino events is permitted by the inclusion



of the sample of -Ne charged current interactions recorded
as a background in the same experiment. Further experimental
details are given in Ref. 8. The present analysis represents
an upgraded investigation of the subject originally reported
in Ref. 8 based upon a five-fold increase in the sample size.
The improved statistics also enable us to study nuclear
effects in neutral current interactions. The neutral current
event sample consists of events in which the fastest charged
track does not leave the chamber and for which no muon candi-
date is found by the External Muon ldentifier. The charged
current contamination in this sample is estimated to be less
than 30% which is adequate for the purpose of the following
analysis. .The neutral current event selection procedure does
not allow us to distinguish between neutrino and anti-neutrino
induced neutral current .events. for each of the three data
samples: yNe+p'x, wNe+p™x, V(v)NesJ(v)+x we identify an event
as a backward proton (BP) event (2 backward protons.(ZBP)
event) if there is one track (two tracks) emerging backward in
the laboratory and stopping in the chamber with neither a
decay nor interaction and having a momentum in the range 0.2
to 0.8 GevV/c. We found only 3 events with three backward
protons and they have been treated as 2BP-events. We made
corrections for protons which interact and are misidentified
as "'s. These corrections result in ~ 10% growtd of rela-
tive yields and a small decrease (smaller than statistical

errors) of fitted slope parameter B in (1l).



4. Results

The total numbers of events and relative yields are
summarized in table 1 (corrected values are given). Within
our statistics the yields are equal for all three samples.
Invariant proton spectra were fitted according to equation
(1). The 2BP events entered the distributions twice. Results
for the three samples are shown in Fig. la, b, c. We obtain
the following slope parameters (for the momentum interv$1

0.3<p<0.7 GeV/c):

B(cc, 1’y = 10.7 £ 0.7,
B(CC,p ) = 10.4 * 1.8,
B(NC) = 10.5 * 1.6.

These values are all consistent and are in good agreement with
our earlier data published in %, They also fit well into the
nuclear scaling hypothesis (see comparison with hadronic data

in%.

The azimuthal angular distributions (not shown) are con-
sistent with being isotropic. The distributions in cosep (6p
is the angle between the proton momentum vector and the
neutrino beam direction) are shown in Fig. 2. The growth of
the proton momentum leads to a sharp anisotropy of the cos®

P
distributions.



Mean values of the total charge <>, total multiplicity
<n> and <Q% for events with backward proton(s) and for the
rest of the charged current neutrino and antineutrino samples
are compared in table 2. We also show mean values of v
(v = E u(l-coseu)/m, Eu and eu are the muon energy and angle).
As seen from table 2 for both the vand the v samples there is
a significant difference in <n> and <c > between the samples
with backward proton(s) and without it. This difference

partially follows from the definition of the BP-samples.

In the framework of the pair correlation mechanism? it

is predicted that
<y>u = <y>'<V>a= (2~ @) <v> (3)

for 1.3 < a <2 where <y:>and<7v> are mean values for the CC-
sample and <y, and <v> are mean y and v for BP events with

given value of «a.

Fig. 3a, b shows the results of a comparison of the <>
and <y, dependences in o for BP events? with a prediction of
the pair correlation scheme? obtained using an equation (3)

and the total sample of the antineutrino charged current

events (solid line).



Fig. 4a, b illustrates the analysis of correlations
between the two protons in 2BP-events. For this purpose we
compared the distributions in the invariant mass of the two
protons 'Mpp and cosepp (where 8 pp is the angle between
protons) with similar distributions for two proton tracks
taken from independent BP-events {which are therefore uncorre-
lated). There is no apparent correlation. The absence of an

(<]

enhancement near 8__=90 (Fig. 4b) does not support the

1 4%
picture in which one backward proton elastically scatters

another proton out of the nucleus.

5. Conclusion

We have studied samples of v and v induced events, which
contain protons in the kinematical region forbidden for intef-
actions off stationary free nucleons. Inclusive properties of
these events were investigated for neutrino and antineutrino
charged current samples and for the neutral current saméle. A
qualitative check of the pair correlation model was performed
and an agreement with the data was found. A correlation
analysis of events with two backward protons was made. A
comparison of the deep inelastic features of the events with
backward proton(s) and the entire charged current sample shows
that neither of the mechanisms mentioned above can provide a

complete description of the observed nuclear effects.
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Table 1

Total numbers of events and relative yields.

Total sample
BP+2BP events
2BP events
{BP+2BP)/Total

2BP/(BP+2BP)

Charged

current
anti-

neutrino

4053

402

52
0.10:0.01
0.13+0.02

Charged
currents
neutrino

611

73

11
0.12%0.04
0.1520.05

Neutral
currents

1018

106

10
0.10#0.01 .
0.0920.03
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Table I1
Comparison of events with backward proton(s) with the rest of

the charged current samples.

Variable (BP+ZBP)G (CC-BP-ZBP); (BP'-ZBP)v (CC—BP-ZBP)v

<c> 2.9:0.1 1.2+0.0 2.020.2 0.7:0.1
<n> 8.7+0.2 7.3:0.1 11.1:0.6 9.0+0.2
<«0?> 3.4:0.3  4.2:0.1 8.2:0.5 8.710.3

<v>x 10 5923 74x1 8548 90+3
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Fig. 1. Inclusive spectra of the backward protons for charged current antineutrino (a)., neutrino
(b) and for neutral current events (c¢). Solid line is a fit to formula (1){ see the text).
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Fig. 2. Distributions in cos 6 _ for the antineutrino and neutrino BP-events.
The distributions are given i%r the entire BP-samples (two uppermost) and
for three intervals of the proton momenta.
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Fig. 3. _Comparison of this experiment with predictions of the pair-correlation

model“, Solid lines correspond to o-dependence of the scaling variables v and
y given in 2,
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Fig. 4. Analysis of correlations between the two protons in the 2BP-events:
(a) - distribution in cos6 pp Where 9 Pp is the angle between the protons;
(b) - invariant mass Mpp distributions for pairs of protons in the 2BP
events. Solid lines are handdrawn fits to similar distributions of uncor-
related protons belonging to different events.



